C ongenital heart disease occurs in 1 in every 100 live births and has the highest mortality rate of all birth defects. 1 Advances in surgical management, such as through the Single Ventricle Reconstruction Trial for hypoplastic left heart syndrome, have been transformative, enabling babies born with previously fatal defects to enter early adulthood. 2 However, right ventricular (RV) dysfunction remains a common problem in the clinical care of patients with congenital heart disease, contributing to considerable burden of disease. 3, 4 Through the improved survival of congenital heart disease patients, an epidemic of RV heart failure (HF) has begun to emerge, necessitating the development of new regenerative medicine and stem cell-based therapies for the treatment of RV HF.
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Cardiac progenitor cells (CPCs) were initially thought to repair the heart by contributing directly to cardiac turnover. 5 More recent studies have suggested that indirect paracrine effects, particularly through the release of exosomes and reparative factors, play a larger role in CPC-mediated cardiac repair. 6, 7 Nonetheless, clinical trials testing CPCs and cardiosphere-derived cells for ventricular dysfunction in both adults and pediatric populations have demonstrated safety, feasibility, and modest cardiac function improvement. [8] [9] [10] However, stem cell therapies to improve cardiac function have been limited by low differentiation rates and poor cell retention. [11] [12] [13] [14] [15] [16] [17] Most importantly, we have shown in a recent publication that CPCs lose their therapeutic functionality as they age. By as early as 1-year old (defined as child CPCs), CPCs have a reduced ability to improve heart function in a rat RV HF model, reduced proliferation rate, and are less effective at inducing cell migration and angiogenesis. 18 Based on these limitations, current autologous stem cell therapies for HF may not be as effective as they need to be.
The cardiac stem cell niche is complex and highly dynamic. Among other signaling processes, CPCs express Notch1 receptor to participate in bidirectional signaling with supporting cells expressing the Notch-activating ligand, Jagged1. 19, 20 We and others have shown Notch1 signaling to be an important mediator of CPC cell fate. [19] [20] [21] [22] Replicating the microenvironment of stem cell niches by spherical aggregation has been shown to improve the differentiation of human embryonic stem cells, human induced pluripotent stem cells, and mesenchymal stem cells. [23] [24] [25] [26] [27] Additionally, spheroids of cardiosphere-derived cells maintain greater differentiation potential. 28 Based on these observations, we hypothesized that aggregating child CPCs into spheres may recapitulate signaling processes within the cardiac stem cell (CSC) niche, especially Notch1 signaling, that will improve child CPC therapeutic functionality. In this report, we tested the effect of spherical aggregation on Notch signaling and CPC differentiation. We then used a rat RV HF model to study the effect of CPC aggregation on cardiac repair.
Methods
Because of the fact that this study involves data collected under Institutional Review Board approval, the data that support the findings of this study are available from the corresponding author on reasonable request at michael.davis@bme.emory.edu.
Human Sample Acquisition and Isolation of Human CPCs
This study was approved by the Institutional Review Board at Children's Healthcare of Atlanta and Emory University. Human cKit + CPCs used in this study were isolated from right atrial appendage tissue routinely removed during surgical repair of congenital heart defects as previously described. 18 Child CPCs are categorized as being isolated from patients aged 12 months to 5 years. Additional details about CPC donor patients are found in Online Table I .
CPC Culture and Sphere Formation
Cells were used between passages 5 and 9. CPC spheres were formed by seeding 1500 cells per microwell in an AggreWell400 microwell array (Stemcell Technologies, Vancouver, British Columbia, Canada) and culturing overnight. CPC spheres were cultured in rotary orbital suspension.
Animal Experiments
All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee. Male adolescent (6-week old) athymic rats (Crl:NIH-Foxn1 rnu ) (≈150 g) were obtained from Charles River Laboratories (Wilmington, MA). Nonischemic HF was induced by pulmonary artery banding (PAB) at 7 to 8 weeks old as previously described. 18 Animals were randomized to treatment groups and 500 000 monolayer cultured CPCs (2-dimensional [2D]), or ≈400 freshly formed (day 0) CPC spheres (3-dimensional [3D]) totaling ≈500 000 CPCs, were delivered 2 weeks after banding (Online Figure I ). To minimize potential differences between CPC donors, animals received injections containing equal parts of all child CPC populations. Cells were labeled with DiR (1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide; Thermo Fisher Scientific Life Sciences, Waltham, MA) per manufacturer's protocol and cell retention was tracked using an IVIS Spectrum in vivo imaging system (Perkin Elmer, Waltham, MA). To evaluate RV function, echocardiography was performed on PAB and sham rats on the day of surgery, immediately after treatment 2 weeks later, and then every week thereafter up to 4 weeks after treatment. 
Conditioned Media and Exosome Generation
Exosomes were generated as previously described. 29 Briefly, after 7 days in culture, 2D CPCs and 3D CPCs were quiesced and cultured in FBS-free media for 12 hours to generated conditioned media. Exosomes were generated from conditioned media by sequential ultracentrifugation (Optima XPN-100, Beckman Coulter SW32Ti rotor) at 10 000g for 35 minutes to remove cell debris and then at 100 000g for 70 minutes to concentrate exosomes. Successful exosome isolation was confirmed by electron microscopy ( Figure 8A ). Protein content of the conditioned media and exosome suspension were quantified by A280 measurements (NanoDrop 2000).
An expanded Methods section is available in the Online Data Supplement.
Results

CPC Sphere Growth and Characterization
Cell populations isolated and expanded from right atrial tissue from child donors by c-kit + magnetic bead sorting were enriched for Nkx2.5 and Gata4, as previously characterized by flow cytometry. 18 Seeding 1500 CPCs per microwell consistently formed spheres between 120 to 150 µm in diameter within 16 hours ( Figure 1A -1B). Dissociating and counting CPC spheres shows that each sphere contains on average 83% of seeded cells, or 1250 cells (Online Figure I) . Cell spheres were maintained in rotary orbital suspension culture for up to 14 days. 3D CPCs cultured under static conditions on standard tissue culture-treated plastic induced sphere adhesion and spreading ( Figure 1B) . At day 7, CPC spheres had grown up to 180 to 200 µm in diameter ( Figure 1C ). CPC sphere growth plateaued after day 7 in culture and did not significantly increase between days 7 and 14. Interestingly, CPC spheres formed from seeding 500 cells per microwell were initially 70 to 90 µm in diameter but also grew to 160 to 190 µm by day 14 (Online Figure II) . This universal growth limitation may reflect nutrient and gas diffusion limitations within the densely packed sphere. Immunohistochemical staining of multiple sphere sections (1500 cells per sphere) for ki67 and PCNA (proliferating cell nuclear antigen) revealed robust expression in CPC nuclei throughout the sphere on day 7, suggesting that the growth in sphere size is due primarily to cellular proliferation ( Figure 1D ). These data were confirmed by manual cell counting and EdU (5-ethynyl-2'-deoxyuridine) Figure IID) . Notch effector HEY1 and endothelial cell marker FLT1 were significantly upregulated in 3D CPCs with 500 cells per sphere compared with CPCs cultured as monolayers (2D CPCs) but were not as highly expressed as 3D CPCs with 1500 cells per sphere. Considering these data, we focused our studies on 3D CPCs with 1500 cells per sphere.
Spherical Aggregation Increases Notch Signaling
To determine whether spherical aggregation improves Notch signaling, we performed gene analysis on CPC spheres with 1500 cells per sphere. An initial mRNA array of 84 Notch signaling target genes revealed that NOTCH1 and Notch ligands DLL1 and JAG1, among many other Notch signaling-related genes, were highly upregulated in 3D CPCs compared with 2D CPCs at day 3 ( Figure 2A ). Real-time polymerase chain reaction analysis showed that NOTCH1 and JAG1 transcripts were significantly upregulated in 3D CPCs compared with 2D CPCs at days 3 and 7 in culture, along with HES1, the canonical downstream Notch effector ( Figure 2B ). Activated Notch1 receptors are cleaved to release Notch1 intracellular domain. Western blotting analysis showed significantly increased Notch1 intracellular domain, Jagged1, and Hes1 in 3D CPCs compared with 2D CPCs at day 7 ( Figure 2C ). Immunohistochemical analysis of 2D and 3D CPCs also showed robust expression of Notch1 receptor on CPC membranes in 3D spheres, particularly in CPCs found in the sphere periphery ( Figure 2D ). Together, these data suggest that spherical aggregation increases both the number of Notch1 receptors and Notch1 receptor signal transduction in CPCs.
Spherical Aggregation Promotes Notch-Dependent CPC Differentiation
We and others have reported that Notch signaling plays an important role in regulating CPC differentiation. 19, 20, 22, 30 To determine the effect of increased Notch signaling in aggregated CPCs on CPC differentiation, we examined the transcript expression of 31 CPC differentiation markers representing cardiogenic transcription factors, myocytes, endothelial cells, smooth muscle cells, and fibroblast/mesenchymal cells by real-time polymerase chain reaction analysis. DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), a small molecule inhibitor of γ-secretase that cleaves and releases active NICD (Notch intracellular domain), was used to block Notch signal transduction and identify dependent relationships. Treatment with 10 µmol/L DAPT significantly reduced Notch1 receptor and signaling activity without impairing CPC proliferation (Online Figure IV) . CPC aggregation significantly upregulated the cardiogenic transcription factors GATA4, HAND1, MEF2C, NKX2.5, and TBX5 at day 3, with MEF2C, NKX2.5, and TBX5 being significantly reduced by DAPT treatment ( Figure 3A) . At day 7, GATA4, HAND1, and NKX2.5 remained significantly upregulated in 3D CPCs, with additional upregulation of SMARCD3 compared with 2D CPCs. SEM values for the data in Figure 3A can be found in Online Table II . Western blotting analysis of 3D CPC whole cell lysate shows significantly increased Nkx2.5, but not Gata4 protein ( Figure 3B and 3D) . However, nuclear expression of both Nkx2.5 and Gata4 were significantly increased in 3D CPCs compared with 2D CPCs, as demonstrated by immunohistochemistry ( Figures 3C and 3E , Online Figure VIA and VIB). DAPT treatment significantly reduced Nkx2.5 expression.
Endothelial markers CD31, FLK1, FLT1, and VWF were significantly upregulated in 3D CPCs at day 3 in a Notch-dependent manner and remained upregulated at day 7 ( Figure 3A) . Except for CD31, DAPT treatment reduced expression of these endothelial markers at day 7. Interestingly, Notch1-specific inhibition significantly reduced CD31 expression in 3D CPCs at day 7 (Online Figure V) . Most myocyte markers investigated were reduced or marginally changed by aggregation. CX43 was significantly upregulated in a Notchdependent manner on both days 3 and 7 in 3D CPCs. CX43, CD31, and FLT1 (or VEGFR1 [vascular endothelial growth factor receptor]) transcript data were confirmed by immunohistochemical analysis of the respective proteins in CPC sphere sections (Online Figure VI) .
The transcript levels of all smooth muscle markers investigated were decreased by spherical aggregation ( Figure 3A) . Of the fibroblast and mesenchymal cell markers investigated, FSP1 (fibroblast-specific protein 1) was significantly upregulated, THY1 (Thy-1 cell surface antigen) was significantly downregulated, and VIM (vimentin) showed no significant change at day 7 ( Figure 3A) .
Treatment of 2D CPCs with DAPT reduced Notch activity but did not significantly change transcript expression of Notch receptor, Notch binding and processing targets, or cardiogenic differentiation markers, further reinforcing the significance of CPC aggregation on Notch signaling and CPC differentiation (Online Figure VII) .
Because DAPT nonspecifically inhibits Notch signaling, the specific contributions of Notch1 and Notch2 were examined using specific RNA interference gene silencing. Although Notch1 inhibition using shRNA (short hairpin RNA) transduction significantly reduced HAND1, NKX2.5, CD31, and FLT1 transcript expression in 3D CPCs, knockdown of Notch2 in 3D CPCs produced reductions in more cardiogenic markers, including GATA4 and MEF2C (Online Figure V) . However, this may likely be attributed to the interesting observation that specific knockdown of Notch2 also reduced Notch1 transcript expression. The greater combined effect of both Notch1 and Notch2 knockdown may represent redundancy between the receptors. Redundant February 15, 2019 Notch1 and Notch2 receptors have also been described in the differentiation and proper function of neuroprogenitors and other cell types.
31,32
Spherical Aggregation Improves CPC Myocardial Retention Independent of Notch Expression
The large size of CPC spheres may inhibit washout via the cardiac venous system, thought to be the most important mechanism of early cell loss. 33 To test this hypothesis, the retention of DiR-labeled 2D and 3D CPCs was tracked in vivo. CPC spheres were retained at significantly higher amounts in the RV myocardium compared with 2D CPCs (Figure 4) . To test whether Notch may play a role in CPC retention, CPCs were transduced with Notch1-shRNA. CPC spheres transduced with Notch1-shRNA (3D+Notch-i CPCs) exhibited significant Notch1 inhibition, without impaired CPC viability and proliferation (Online Figure VIII) . The retention of 3D+Notch-i CPCs was still significantly greater than 2D cells and not significantly different from 3D CPCs (Figure 4 ). 3D CPCs transduced with control-shRNA (3D+Ctrl-i CPC) also did not have significantly different retention from 3D CPCs (Online Figure IX) . ) relative to 2D data at day 3. n=3 CPC populations. Statistical significance determined using 2-way repeated measures ANOVA with Fisher post hoc analysis. No significant differences were measured between 2D at day 3 and 2D at day 7. Western blotting analysis of Nkx2.5 (B) and Gata4 (C) at day 7 in culture. Data presented as average normalized to GAPDH±SEM with representative blot (right). n=3 CPC populations. *P≤0.05 vs 2D and #P≤0.05 vs 3D with 1-way repeated measures ANOVA with Bonferroni post hoc analysis. Representative images of 2D and 3D CPC sections labeled for nuclei using DAPI (4',6-diamidino-2-phenylindole; blue), Nkx2.5 (D, red), and Gata4 (E, red). Images were obtained with confocal microscopy and represent z-axis projections. n=3 CPC populations. Scale bar=100 µm. nd indicates not detected. February 15, 2019
Improved CPC retention may also be explained by significantly increased release of MMP9 (matrix metalloproteinase 9) and bFGF (basic fibroblast growth factor) at day 3 in 3D CPCs compared with 2D CPCs, factors which have been shown to promote cell engraftment and cell survival (Online Figure X) .
34,35
Aggregated CPCs Improve RV Systolic and Diastolic Function in PAB Rats in a NotchDependent Manner
To evaluate the reparative ability of 3D CPCs, RV function was measured longitudinally in athymic rats subjected to PAB surgery. PAB rats demonstrated significantly elevated transpulmonary pressure and velocity gradients and reduced tricuspid annular plane systolic excursion, a measure of RV systolic function, by day 14 postbanding (Online Figure XI and Figure 5A ). 3D CPC treatment progressively improved tricuspid annular plane systolic excursion in PAB rats and was significantly different from saline-control at days 21 and 28 postinjection ( Figure 5A ). End point measurements on day 28 also showed significantly increased RV fractional area change, a measure of global RV systolic function, with 3D CPC treatment compared with saline-control ( Figure 5B ). In contrast, 2D CPC treatment did not significantly improve tricuspid annular plane systolic excursion or RV fractional area change compared with saline ( Figure 5A and 5B). 3D CPC treatment significantly reduced right atrial diameter compared with saline-control, suggesting that 3D CPC treatment preserves RV diastolic function ( Figure 5C ). 3D+Notch-i CPC-treated rats did not demonstrate significantly improved tricuspid annular plane systolic excursion compared with saline-control and had significantly lower RV fractional area change and greater right atrial diameter compared with 3D CPC-treated rats ( Figures 5A-5C ).
No significant differences in RV function were found between 3D CPC and 3D+Ctrl-i CPC treatment (Online Figures  XIIA-XIIC) . Moreover, heart rate and left ventricular function were all within normal range and not significantly different among all treatment groups (Online Table III ).
Implantation of Aggregated CPCs Reduces Fibrosis and Increases Vessel Density
To discern the mechanisms responsible for improved RV function with 3D CPC implantation, we examined fibrosis and vessel density in the RV myocardium 28 days postcell injection. Picrosirius red staining for collagen fibers revealed significantly reduced RV free wall fibrosis with 3D CPC treatment compared with 2D CPC and saline treatments ( Figure 6A and 6B). 3D+Notch-i CPC treatment did not significantly reduce fibrosis compared with saline treatment. Similarly, 3D CPC treatment significantly increased density of isolectinlabeled vessels in RV myocardium compared with 2D CPC treatment ( Figure 6C and 6D) . 3D+Notch-i CPC treatment did not significantly increase vessel density compared with 2D CPC and saline treatments.
Aggregated CPCs Protect Against Hypertrophy
To evaluate the effect of CPC aggregation on RV hypertrophy, we examined RV free wall thickness and RV end-diastolic diameter. Unlike 2D CPC treatment, 3D CPC treatment significantly reduced RV end-diastolic diameter compared with saline treatment (Figure 5D ). However, RV wall thickness was only modestly reduced by 3D CPC treatment compared with saline treatment. Notch1-shRNA transduction attenuated antihypertrophic effects of 3D CPCs on RV end-diastolic diameter and RV wall thickness ( Figures 5D and 5E ). No significant differences in RV end-diastolic diameter and RV wall thickness were found between 3D CPC and 3D+Ctrl-i CPC treatment groups (Online Figures XIID and XIIE) .
We examined myocyte hypertrophy on a cellular level 28 days postinjection by staining RV myocardium with WGA (wheat germ agglutinin) to identify myocyte boundaries. Consistent with echocardiographic data, 3D CPC-treated rats had significantly lower myocyte cross-sectional area compared with myocytes in saline and 2D CPC-treated rats ( Figure 6E and 6F) . 3D+Notch-i treatment was neither different from saline nor 3D treatment. Together with a significantly improved RV systolic function and preserved RV diastolic function, these data suggest that 3D treatment may protect against eccentric hypertrophy.
Implanted CPCs Differentiate Into Vessel-Like Cells
To evaluate the fate of implanted child CPCs, a human-specific antibody for Ku86 nuclear protein was used to identify human cells in heart sections 14 days after implantation. Animals implanted with 3D CPCs had significantly higher numbers of Ku86 + cells compared with 2D, but not 3D+Notch-i animals ( Figure 7 ). These data confirm the DiR fluorescence data presented in Figure 4 . Additionally, significantly more implanted 3D CPCs were also CD31 + compared with 2D and 3D+Notch-i CPCs.
Exosomes From Aggregated CPCs Reduce Fibrotic Gene Expression and Induce Tube Formation
To determine potential paracrine mediators, we isolated conditioned media and exosomes from cultured spheroids for in vitro testing. The effect of exosomes from 2D or 3D cultured cells on rat cardiac fibroblasts was investigated using a fibroblast TGF (transforming growth factor)-β stimulation assay. Treatment of fibroblasts with 3D CPC exosomes significantly reduced fibrotic gene expression, including CTGF, VIM (vimentin), and COL1A1, compared with 2D CPC exosomes and untreated fibroblasts ( Figure 8B ). Treatment of fibroblasts with 2D or 3D exosome-free conditioned media did not reduce fibrotic gene expression. In addition, the effect of exosomes from 2D or 3D cultured cells on human umbilical vein endothelial cells was investigated using a tube formation assay. Treatment of human umbilical vein endothelial cells with 3D CPC exosomes significantly improved total tube length compared with 2D CPC exosomes and negative control ( Figure 8C ). Treatment with 2D or 3D exosome-free conditioned media did not significantly improve tube formation. A, Fibrosis was measured in PAB rat heart sections and is presented as mean percent area of total right ventricular area with 95% CIs. B, Representative images of picrosirius red-stained fibrosis. C, Vessels counted per 0.2 mm 2 presented as mean with 95% CIs. D, Representative images isolectin-labeled vessels. E, Cross-sectional area of myocytes presented as mean with 95% CIs. F, Representative images of WGA (wheat germ agglutinin)-labeled myocytes. n=5 Sham, n=5 saline, n=8 2-dimensional (2D), n=8 3-dimensional (3D), n=6 3D+Notch-i. *P≤0.05 with 1-way ANOVA with Bonferroni post hoc analysis. Scale bar=100 µm unless otherwise noted.
Discussion
Growing evidence suggests that CPCs lose their reparative potential as they age, starting as early as 1 year of age. 18, 36 We have shown that CPCs isolated from children between 1 to 5 years of age have a reduced ability to improve RV function in PAB rats compared with CPCs isolated from neonates (0-1 month). 18 The present study investigates spherical aggregation as a method for rescuing the reparative potential of child CPCs. Our results demonstrate that aggregated child CPCs have significantly enhanced ability to improve RV function in PAB rats compared with nonaggregated child CPCs. This improvement is mainly attributed to increased Notch1 signaling, which enhances CPC differentiation. This led to a restoration of reparative potential in cells from older donors that was sensitive to Notch inhibition.
Previous approaches for improving the differentiation of isolated CPCs by manipulating them ex vivo focused on genetic engineering or exposure to environmental or chemical treatments. Genetic modifications often use lentiviruses that pose regulatory and safety concerns. 37, 38 Environmental and chemical cues have proven to be a potential strategy, but these face limitations in achieving the precise spatial and temporal regulation required for specific differentiation. 39, 40 Hydrogels and biomimetic scaffolds have been used to enhance CPC engraftment, but such foreign materials may induce inflammation and require further regulatory approvals. 41 Moreover, attempting to manipulate CPC function by use of lentiviruses, chemical treatments, or biomimetic substrates typically focuses on only a single or small subset of signaling pathways at a time. Research with induced pluripotent stem cells have demonstrated that cardiac differentiation requires multiple levels of reprogramming stimuli, including growth plate matrix, optimized exposure to growth factors, and temporal modulation of signal transduction pathways. [42] [43] [44] CPCs may similarly respond positively to multiple levels of stimuli, which may be activated by CPC aggregation. Additionally, our forced aggregation approach using a microwell array enables us to produce natural, scaffold-free CPC spheres and are, therefore, more conducive to clinical translation because of minimal manipulation guidelines. Compared with other aggregation protocols, such as cell sheets or cardiospheres, our approach produces cell aggregates with less manipulation and in a shorter time. 45, 46 Our results demonstrated robust upregulation of several cardiogenic transcription factors by spherical aggregation of child CPCs ( Figure 3A ). This process of transcription factor upregulation, requiring minimal external manipulation, allows the CPCs to modulate the transcription factors in a dynamic way that may be more beneficial for CPC differentiation and function than constitutive lentiviral-based upregulation. Indeed, these core cardiogenic transcription factors have been shown to regulate each other in complex combinatorial pathways to fine-tune differentiation. 47, 48 The expression of these transcription factors was followed by robust expression of endothelial markers and reduced expression of myocyte, smooth muscle, and fibroblast/mesenchymal cell markers in 3D CPCs compared with 2D CPCs, providing evidence that spherical aggregation promotes endothelial lineage commitment. However, the simultaneous upregulation of CX43 and FSP1 suggests that 3D CPCs are not terminally differentiated. 3D CPCs cultured until day 14 did not significantly differ in transcript expression of differentiation markers compared with 7-day 3D CPCs (data not shown).
The present study suggests that Notch1 signaling between aggregated child CPCs is primarily responsible for improved CPC differentiation, likely via the canonical pathway involving Hes1. Interestingly, although spherical aggregation similarly increases HES1 transcript expression in 3D neonate CPCs, both 2D and 3D neonate CPCs have similarly high expression of NOTCH1 and JAG1 transcripts (Online Figure  XIII) . These data suggest that the high reparative potential of 2D neonate CPCs may be because of innately high Notch1 activity, via a noncanonical pathway not involving Hes1, and that spherical aggregation may be improving child CPC function via the canonical Notch pathway. Although the effect may be modest given the limited upregulation of just NKX2.5, TBX5, and MEF2C in neonate CPCs by spherical aggregation, spherical aggregation could improve the reparative ability of neonate CPCs (Online Figure XIII) . The activation of Notch1 signaling in CHO (Chinese hamster ovary) cells suggests that spherical aggregation may likely improve the differentiation of other stem cell types in which Notch signaling plays an important role in cell function (Online Figure XIV) .
Although our present study focused on the effect of spherical aggregation on Notch1 signaling, the complex microenvironment created by spherical aggregating likely activates several other signaling processes. For example, it is now widely accepted that microenvironmental cues, particularly mechanical signals, can significantly impact stem cell differentiation. In our lab, we have recently shown that human The microforces experienced by CPCs within a sphere could also contribute to CPC differentiation. Moreover, researchers have discovered the expression of the mechanosensing receptors YAP (Yes-associated protein) and TAZ (transcriptional activator with PDZ-binding motif) on CPC surfaces and demonstrated that these receptors play a key role in CPC fate. 50 Additional studies using force probes may elucidate the microforces experienced by CPCs in spheres. We tested the possibility that exosomes could be involved in intrasphere signaling processes by inhibiting exosome release with the sphingomyelinase inhibitor GW4869. However, inhibition of exosome release failed to significantly reduce the expression of CPC differentiation markers or Notch signaling markers (Online Figure XV) . Finally, hypoxic signaling may play a key role in 3D CPC function. Our results demonstrated that the core of a 1500 cell per microwell sphere (approximately inner 50%) exhibited low O 2 content (<10 mm Hg; Online Figure XVI) . We have previously shown that CPCs cultured in a hypoxic environment produce exosomes enriched with angiogenic and antifibrotic microRNAs. 29 Furthermore, both hypoxic and normoxic CSC niches have been found in myocardium, and this balance in oxygen tension may regulate CSC function. 51, 52 Our histological analyses of implanted CPC fate suggest that spherical aggregation modestly improves cell retention. Moreover, implanted 3D CPCs, but not 2D CPCs nor 3D+Notch-i CPCs, form CD31 + cells, providing evidence of Notch-dependent, spherical aggregation-induced differentiation of CPCs into endothelial cells in vivo. However, the total number of cells retained in the RV myocardium is significantly lower than DiR fluorescence estimates. The low number of cells limits the direct effect of CPC-derived endothelial cells on heart function. Additionally, further experiments using computed tomography angiogram are needed to confirm the vascular function of the CPC-derived endothelial cells. Considering this, the observed improvements in RV function with 3D CPC implantation are likely only minimally attributable to the vascular function of CPC-derived endothelial cells. Instead, the improvements are more likely attributable to paracrine mediators, such as exosomes, released by 3D CPCs. Indeed, growing evidence suggests that exosomes constitute a significant portion of CPC reparative ability. 7, [53] [54] [55] Our results show that exosomes from 3D CPCs significantly reduce fibrotic gene expression in fibroblasts and improve tube formation (Figure 8 ). 2D and 3D CPC exosome-free conditioned media had limited effect on fibrotic gene expression or tube formation, consistent with analyses of secreted growth factors (Figure 8 and Online Figure X) . 3D CPC exosomes may be responsible for the observed reduction in fibrosis and improvement in vessel density with 3D CPC treatment ( Figure 6 ). The greater retention and engraftment of 3D CPCs likely prolongs the duration of exosome release, compared with 2D CPCs, to improve RV function. Future experiments will further investigate the mechanisms and contents of exosomes from implanted 3D CPCs in vivo.
The strong reparative ability of CPC spheres warrants further investigation as a treatment for pediatric HF, especially in older children where reparative ability may be reduced. Pediatric HF is most commonly caused by congenital heart disease and genetic cardiomyopathy and can result in severe RV failure. We show in the present study, in an RV pressure overload model, that spherical aggregation significantly improves the ability of child CPCs to improve RV contractile function, increase RV vessel density, and reduce RV hypertrophy and RV fibrosis. These effects are likely exosome-mediated, as aggregation improves exosome function. Aggregation also promotes CPC engraftment as CD31 + cells, likely contributing to a prolonged exosome effect. Although a Phase I study of CPC therapy in children with hypoplastic left heart syndrome is underway (http://www.clinicaltrials.gov. Unique identifier: NCT03406884), there is a potential for rapid translation of this therapy to the clinic, especially in patients that do not respond to traditional cell therapy. Although we do not directly show ability to repair the left ventricular, the in vivo mechanisms suggest that this may be a broader therapy for other cardiac indications.
